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Resonant inelastic x-ray scattering of magnetic excitations under pressure
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Resonant inelastic x-ray scattering (RIXS) is an extremely valuable tool for the study of elemen-
tary, including magnetic, excitations in matter. Latest developments of this technique mostly aimed
at improving the energy resolution and performing polarization analysis of the scattered radiation,
with a great impact on the interpretation and applicability of RIXS. Instead, this article focuses on
the sample environment and presents a setup for high-pressure low-temperature RIXS measurements
of low-energy excitations. The feasibility of these experiments is proved by probing the magnetic
excitations of the bilayer iridate Sr3Ir2O7 at pressures up to 12 GPa.
I. INTRODUCTION
Resonant inelastic x-ray scattering (RIXS) is a photon-
in photon-out spectroscopic technique that allows to
study the low-energy physics of materials by probing
their elementary excitations [1, 2]. The RIXS process
consists in the resonant photoexcitation of a core elec-
tron into an empty state above the Fermi level and the
subsequent radiative de-excitation of the system. The
final state of the system – either the ground state itself
or an excited state – is characterized by the energy, mo-
mentum and polarization difference between the incident
and emitted photons. Due to the resonant nature of the
scattering process and to the use of x-rays, RIXS is an
element- and orbital- selective, momentum resolved, bulk
sensitive technique [2]. Different types of excitations can
be accessed over an extended energy range, from several
hundreds of eV down to a few meV, and this limit is
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continuously being pushed. Indeed, in the last decade,
enormous progresses have been made in terms of energy
resolution by building RIXS spectrometers on dedicated
beamlines [3–8]. At the same time, initial difficulties in
the interpretation of RIXS experiments have been over-
come by exploiting its complementarity to other exper-
imental techniques and by developing suitable theories
[2, 9–12]. A prominent example of RIXS application orig-
inates from the theoretical demonstration [9, 10, 13] and
experimental observation [14] that RIXS can detect sin-
gle spin-flip excitations in copper-based superconductors
(cuprates), leading to an extensive use of RIXS for the
study of their magnetic dynamics [15–17], in a way com-
plementary to inelastic neutron scattering (INS) [18–20].
In the hard-x-ray energy range, RIXS benefits from
an additional advantage: it can be coupled to complex
sample environments to study matter under extreme con-
ditions [21, 22]. In particular, the application of high
pressure is a valuable tool to investigate the properties
of matter [23], since it can effectively alter the elec-
tron density and, ultimately, induce structural, electronic
and magnetic phase transitions [23–25]. However, high-
energy-resolution RIXS measurements at high pressure
are difficult [21, 22] and even more so when dealing with
low-energy excitations, such as magnetic ones. As a mat-
ter of fact, to the best of our knowledge, no such mea-
surements have ever been reported. Note that this field is
rather unexplored as a whole, as the main probe of mag-
netic excitations, INS, is limited to relatively low pres-
sures (∼ 1 GPa) [24] by the competing requirements of
the large sample volume required by neutron techniques
(∼ 1 cm3) and high-pressure experiments.
We here discuss recent instrumental developments
made at beamline ID20 of the ESRF – The European
Synchrotron (Grenoble, France) that allowed us to per-
form RIXS measurements of low-energy magnetic excita-
2tions under pressure. As a test case, we consider iridium
oxides as they attracted the attention of the scientific
community in the last decade [26, 27]. Indeed, they fea-
ture electron-electron and spin-orbit interactions of com-
parable strength, leading to unexpected properties, in-
cluding the so-called spin-orbit-induced Mott insulating
state [28, 29]. The single-layer Sr2IrO4 (n = 1) is the pro-
totypical spin-orbit-induced Mott insulator [28, 29] and
develops long-range (canted) antiferromagnetic (AFM)
order below a Ne´el temperature of ≈ 240 K [30]. It has
been in the focus of numerous theoretical and experimen-
tal investigations regarding its similarities with cuprates
[31–40] and the possibility to host unconventional super-
conductivity [41–44]. The bilayer Sr3Ir2O7 is the n = 2
member of the Ruddlesden-Popper series Srn+1IrnO3n+1
and shares with Sr2IrO4 many physical properties, in-
cluding a Mott-insulating ground state of relativistic na-
ture [45] and the tendency to develop long-range AFM
order below ≈ 280 K [46, 47]. However, the microscopic
mechanisms that govern magnetism in Sr3Ir2O7 are de-
bated since two different theoretical models have been
proposed to interpret its magnetic structure and dynam-
ics [48, 49]. The two models are mutually exclusive, as
they cast the main exchange couplings into two opposite
scenarios: Kim et al. proposed a linear spin-wave ap-
proach with dominant intralayer interaction [48], whereas
Moretti Sala et al. pursued a bond-operator mean-field
approach with predominant interlayer, dimer-like inter-
actions [49]. Despite fundamental differences, the two
theoretical approaches fit equally well the magnetic dy-
namics of Sr3Ir2O7 at ambient pressure, with a band-
width of ≈ 70 meV and an anomalously-large magnetic
gap of ≈ 90 meV. In order to discriminate between the
two models, the evolution of magnetic excitations should
be tested against well-defined and controlled perturba-
tions of the system. In this respect, the magnetic dy-
namics of (Sr1−xLax)3Ir2O7 was studied as a function
of doping (up to x = 0.1), but without conclusive evi-
dence in favour of either model [50, 51]. In addition, it is
often argued that doping is not a “clean” perturbation,
as it introduces disorder in the system, thus making the
interpretation of experimental results less reliable. We
therefore propose to use physical pressure as an alterna-
tive and clean manner to perturb the system and prove
the feasibility of this approach. Indeed, the application
of physical pressure does not modify the chemical com-
position of the system and can be gradually tuned from
arbitrarily small to very large values, up to hundreds of
GPa’s.
Thus, once established as a viable technique, it is not
difficult to imagine that high-pressure RIXS to probe the
magnetic quasiparticle spectrum will find general use and
produce results of widespread interest.
II. BACKGROUND CONSIDERATIONS
High-pressure experiments require the use of so-called
diamond anvil cells (DACs), in which two diamonds are
pushed one against the other to apply pressure to a sam-
ple in between them. The sample chamber is obtained
by perforating a small hole in a gasket that prevents the
two diamonds from touching. The high-pressure environ-
ment therefore completely embeds the sample and poses
several constraints on the experiment, including the lim-
itation of x-ray experiments under high pressure to the
hard x-ray range. RIXS excitations of single crystalline
materials are usually probed at specific transferred mo-
menta, hence the requirement of precise scattering ge-
ometries. However, the severe geometrical constraints
imposed by the DAC and the gasket often limit the ac-
cessible scattering geometries. Another important as-
pect to take into account is that the sample environment
absorbs part of the radiation. Since RIXS is a photon
hungry technique, it is therefore imperative to minimize
the x-ray absorption through the sample environment,
as well as maximize the collected solid angle and opti-
mize the sample volume. This last point is very delicate:
on the one hand, the maximum reachable pressure de-
pends on the diamond culets, which ultimately limit the
sample dimension; on the other hand, the sample size
should exceed the x-ray penetration depth in order to
maximize the RIXS scattering cross-section. The best
compromise is that the sample has roughly the dimen-
sions of the x-ray focal spot size (∼ 20 × 10 µm2) times
the x-ray penetration depth (∼ 8 µm in Sr3Ir2O7 at the
Ir L3 edge). Finally, x-ray scattering from the sample en-
vironment – typically non-resonant elastic and inelastic
scattering from the gasket and/or the diamonds of the
DAC – contributes to the background noise, which may
even be stronger than the actual RIXS signal. Note that
elastically-scattered x-rays from a source slightly off the
sample position will impinge on the crystal analyzer at
an angle different than the nominal Bragg angle and will
be interpreted as inelastic signal, thus potentially giving
rise to artifacts in the RIXS spectrum. In addition, x-ray
scattering from crystalline diamonds will feature sharp
phonon peaks at an energy loss up to ≈ 170 meV [52].
Similarly, the gasket is also a source of inelastic scat-
tering. In the case that amorphous beryllium is used,
however, the phonon signal is a broad weak distribution,
resembling the phonon density of states and extending
up to ≈ 100 meV [53, 54].
In order to cope with most of the difficulties described
above, we adopted a scattering geometry as close as pos-
sible to 90◦ where the x-rays travel through the gasket of
the DAC. For the horizontally polarized light used in our
experiments, this geometry leads to a large suppression
of all spurious processes arising from Thomson scatter-
ing. The choice of the gasket material is then restricted
to beryllium, because of its low absorption of hard x-rays.
The main drawbacks are the low shear strength and brit-
tleness, which limit the maximum reachable pressure.
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Figure 1. Panoramic diamond anvil cell used for high-pressure
RIXS experiments. The two diamonds are in the middle of
the opening window. The compression axis is vertical and the
scattering plane is horizontal in the Figure reference frame.
III. SAMPLE ENVIRONMENT
A. Diamond anvil cell and gasket
Diamond anvil cells are standard tools to perform ex-
periments at pressures up to several hundreds of GPa
[55, 56]. For our experiment we designed and built a
customized DAC, shown in Fig. 1: It features two large
opening windows of 140◦ in the scattering plane and 80◦
in the plane orthogonal to it (see also Ref. 57).
The extra-high 16-sided (100)-oriented diamond anvils
are in the middle of the opening window. They are based
on the type Ia Boehler-Almax design [58] (diameter of
3.1 mm, height of 2.72 mm, angle of the diamond faces of
25◦). Diamonds of culet size ranging from 0.25 mm (max-
imum pressure ∼ 80 GPa) to 0.5 mm (maximum pressure
∼ 30 GPa) are used to cover different pressure ranges. A
cylinder-piston system (modified LeToullec design [59])
allows the movement of the diamond anvils along the
compression axis. The anvils are pushed together by the
application of force on one diamond through a gas-driven
membrane that is connected to a pressure controller. The
beryllium gasket with an outer diameter of 5 mm and a
thickness of 0.2 mm was pre-indented to approximately
1/10 of the culet size (i.e. ∼ 30-50µm) before the ex-
periment and a sample chamber with diameter approxi-
mately equal to 50-60% of the culet size is laser-drilled
in the center to accommodate the sample.
An image of a typical sample loading is shown in Fig. 2.
Panel (a) shows the culet of one anvil, in the middle of
which a single crystal of Sr3Ir2O7 is loaded. The sample
has been polished roughly to the desired size. Sr3Ir2O7
naturally cleaves into layers orthogonal to the c axis,
with sharp edges parallel either to the (100) or to the
(110) axes, as illustrated in the Figure. We chose inert
neon as pressure-transmitting medium since it is almost
transparent to x-rays and it ensures a quasi-hydrostatic
compression of the sample. Pressure in the DAC was
determined by tracking the energy position of the R1 flu-
orescence line of a ruby (Al2O3:Cr
3+) sphere placed next
to the sample [60]. Panel (b) shows the sample and the
ruby sphere after the gasket has been put between the
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Figure 2. (a) Sr3Ir2O7 single crystal and ruby sphere loaded
at the center of the culet with diameter of 250 µm. The sam-
ple has a triangular shape with edges of ≈ 65 µm parallel to
high-symmetry directions of the lattice. (b) Sr3Ir2O7 and
ruby sphere after the pre-indented laser-drilled gasket has
been placed between the diamond anvils. A sketch of the
experimental geometry is also shown.
diamond anvils. The laser-drilled sample chamber with
diameter of 150µm is visible.
B. Cryostat
The Panoramic DAC is placed inside a cryostat, in such
a way that the compression axis is vertical and the wide
opening windows are horizontal in the laboratory refer-
ence frame (Fig. 3). The outer part of the cryostat is the
vacuum chamber. It is made of stainless steel to with-
stand ambient pressure and is fixed on the RIXS sam-
ple goniometer. Two large windows have been opened
in the walls of the chamber and covered by an x-ray-
transparent 0.1-mm-thick Kapton foil. The vacuum is
as good as ≤ 10−7 mbar during the measurements. The
vacuum chamber hosts the entries for the siphon, the vac-
uum pumping port, the electric wiring connectors, and a
feed-through for the capillary that connects the pressure
controller to the cell membrane. The Panoramic DAC
is placed inside a copper main heat exchanger, which is
cooled down by a continuous flow of helium. Its temper-
ature is measured by a Cernox R© sensor and regulated by
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Figure 3. Helium-flow cryostat for high-pressure low-temperature RIXS experiments. The panoramic DAC is lodged inside the
main heat exchanger.
resistive Kapton foil heaters. Helium then flows through
stainless steel capillaries into a copper secondary heat ex-
changer before it is evacuated through the input siphon.
The temperature of the secondary exchanger is measured
and regulated in a similar fashion as the main heat ex-
changer. It is designed such that the contact surface be-
tween the secondary exchanger and the vacuum chamber
is minimized and the thermal paths are maximized for
thermal decoupling. Furthermore, thermally-insulating
washers are utilized to fix the two elements. Because
of the cylindrically-symmetric design of the cryostat, the
position of the DAC moves by less than ≈ 40µm in the
horizontal plane and by ≈ 160µm along the vertical axis
when cooled from room temperature to 100 K.
A system of motorized slits is placed inside the cryostat
chamber. The slits rotate around the DAC compression
axis at a distance of 16.5 mm from the sample. The slit
aperture defines the region around the sample that is seen
by the spectrometer, therefore their use allows to remove
most of the background coming from the sample environ-
ment [61]. The effect of the slit is clear upon inspection of
Fig. 4, which shows RIXS spectra of Sr3Ir2O7 measured
with (filled circles) and without (empty squares) slits.
The background due to the sample environment extends
up to energy losses of ∼ 0.3 eV and almost covers the
magnetic signal at ∼ 0.1 eV. The use of slits suppresses
most of the background and allows to safely recover the
magnetic signal from the sample. Three slit apertures
are available: 0.08 mm, 0.16 mm and 0.32 mm. The field
of view of the spectrometer is 0.2 mm, 0.28 mm and 0.45
mm in the three cases, respectively, considering a mask of
15 mm placed in front of the crystal analyzer. The field
of view is related to the diamond culet size and sample
dimension and eventually to the pressure range of inter-
est. Hence, the smallest slit aperture is used when pres-
sures in the ∼ 10 GPa range are targeted, while larger
apertures are used for pressures in the MPa to ∼ 1 GPa
regime. In this work, all spectra are collected with the
smallest slit aperture.
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Figure 4. RIXS spectra of Sr3Ir2O7 collected at equivalent Γ
points with (filled circles) and without (empty squares) slits.
Spectra are plotted in counts per second.
IV. RIXS MEASUREMENTS
Iridium L3 edge (≈ 11.22 keV) RIXS measurements
were performed at beamline ID20 of the ESRF. The
beamline was designed and constructed within the frame-
work of the recent ESRF Upgrade – Phase I. It is a
flagship beamline for resonant and non-resonant inelas-
tic hard-x-ray scattering spectroscopy [6, 62]. It has been
conceived to maximize the photon flux at the sample po-
sition, cover a wide energy range (4-20 keV), optimize the
energy resolution and guarantee a small stable beam over
a long interval of time. These are essential requirements
for RIXS experiments, in particular under extreme con-
ditions. During the measurements, the incoming x-rays
were monochromated to 11.2165 keV by the joint use of
a Si(111) double-crystal monochromator and a backscat-
tering Si(844) post-monochromator. A Kirkpatrick-Baez
(KB) mirror system focused the incoming beam to a spot
size smaller than 10 × 20µm2 (vertical × horizontal).
The x-rays scattered by the sample were energy-analyzed
by a Rowland-circle-based spectrometer, equipped with
5a spherical Si(844) diced crystal analyzer and a position-
sensitive detector. The overall energy resolution is as
good as 25 meV and the incident photon flux is ∼ 1012
photons/s at the sample position [3, 6]. Further informa-
tion about the RIXS spectrometer of beamline ID20 can
be found in Ref. 6.
A sketch of the scattering geometry employed during
the measurements is shown in Fig. 2(b). The incoming
and outgoing photon wave vectors are kin and kout, re-
spectively, while Q = kin−kout is the momentum trans-
fer. Note that this geometry allows to reach the boundary
(pi, pi) of the two-dimensional Brillouin zone.
V. RESULTS AND DISCUSSION
The setup described above has been employed to deter-
mine the pressure dependence of the magnetic structure
and dynamics of Sr3Ir2O7. Figure 5(a) displays overview
raw RIXS spectra of Sr3Ir2O7 measured at momentum
transfer Q = (3.5, 3.5, 0) r.l.u. corresponding to the two-
dimensional Brillouin zone boundary (pi, pi). The spectra
are normalized to the features above 0.4 eV. As can be
seen, both spectra measured at ambient pressure (black
circles) and at P = 3.1 GPa (red diamonds) are qual-
itatively similar: besides the elastic line, both spectra
feature a sharp (FWHM ≈ 0.04 eV) peak at ∼ 0.1 eV
and a broad (FWHM ≈ 0.45 eV) excitation centered
at ∼ 0.75 eV. The first feature is ascribed to the sin-
gle magnon excitation [48, 49], while the second feature
is ascribed to the transition of a hole from the jeff = 1/2
ground state to the jeff = 3/2 band, in agreement with
previous works on the sister compound Sr2IrO4 [31, 63].
The pressure dependence at room temperature of the lat-
ter excitation has been already investigated by Ding et
al., who have found that the peak position changes by
at most ∼ 15% from ambient pressure to approximately
65 GPa, while the width does not undergo a significant
change [64]. We note that magnetic excitations could
not be resolved in the RIXS spectra measured by Ding et
al. [64] not only because the measurements were carried
out at room temperature, but also because of the spuri-
ous signal from the sample environment extending up to
several hundreds of meV. Instead, magnetic excitations
are clearly distinguished in our spectra, as highlighted
in Fig. 5(b) and Fig. 5(c), and show an unambiguous
softening when pressure is increased up to 12 GPa. In
Fig. 5(b,c), the spectra are plotted in counts per second
(cts/s) and the spectrum collected at ambient pressure
is multiplied by a factor for better comparison. We ob-
serve that the intensity drops by a factor ∼ 4-7 when the
high-pressure sample environment is employed.
Before discussing the implications of the magnetic
mode softening, we briefly address the pressure depen-
dence of the magnetic structure of Sr3Ir2O7. Magnetic
diffraction peaks are shown in Fig. 6 up to 12 GPa. Spec-
tra are collected by monitoring the elastic signal while
scanning along high-symmetry lines of the reciprocal lat-
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Figure 5. (a) Iridium L3-edge RIXS spectra of Sr3Ir2O7 mea-
sured at ambient pressure (black circles) and at P = 3.1 GPa
(red diamonds). The spectra were collected at T = 150 K and
Q = (3.5, 3.5, 0) r.l.u. and are normalized to the orbital exci-
tations above 0.4 eV. (b) Magnetic region of the RIXS spectra
measured at T = 150 K and Q = (3.5, 3.5, 0) r.l.u. showing
the softening of the magnetic mode with pressure. (b) Mag-
netic region of the RIXS spectra measured at T = 100 K and
Q = (3.475, 3.475, 0) r.l.u. The spectra acquired at ambient
pressure in panels (b) and (c) are multiplied by 0.25 and 0.14,
respectively, in order to compare them to the high-pressure
RIXS data.
tice parallel to the (100) and (001) directions (Fig. 6(a)
and 6(b), respectively). As can be seen, the magnetic
diffraction peaks are broadened and damped with pres-
sure, but overall the long-range AFM order survives at
least until 12 GPa. Above this pressure value, we noticed
a degradation of the sample quality, as testified by a dras-
tic broadening and suppression of the charge diffraction
peaks. Therefore, results can be safely discussed only up
to 12 GPa.
Having established that the underlying magnetic struc-
ture is preserved, we now discuss the pressure evolution of
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Figure 6. Pressure dependence of the magnetic diffraction
peaks of Sr3Ir2O7 measured by collecting the elastic signal
while scanning along high-symmetry directions of the recip-
rocal lattice parallel to the (100) (panel a) and (001) (panel
b) axes. The scans were collected at T = 100 K.
the magnetic mode. This is summarized in Fig. 7, which
displays the pressure dependence of the magnon peak po-
sition (black circles and squares) together with a linear
fit (red solid line) to the experimental data points. The
softening rate is ≈ 1.5 meV/GPa. A linear extrapolation
of data points to higher pressures (dashed line) hints to-
wards a collapse of the magnetic mode around ∼ 55-60
GPa. We note that a structural phase transition has been
reported in Sr3Ir2O7 at 54 GPa [65], therefore suggest-
ing a strong link between magnetic and lattice degrees
of freedom, possibly resulting from the strong spin-orbit
coupling.
In relation to the debate about the most suitable the-
oretical model to describe the magnetic dynamics of
Sr3Ir2O7, we recall that high-pressure diffraction mea-
surements revealed a higher compressibility of the a and
b axes with respect to the c axis [65]. Indeed, applied
pressure is mostly accommodated by rotating the IrO6
octahedra around the c axis, therefore further depart-
ing the in-plane Ir-O-Ir bond angle from the straight
(180◦) geometry. Along the c axis, instead, the Ir-O-Ir
bond angle is unchanged, while the Ir-O-Ir bond length
is shortened [64, 65]. Since electronic interactions are
strongly affected by the bond geometry [66], the pres-
sure dependence of the dominant magnetic couplings can
be guessed. In particular, the intralayer exchange cou-
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Figure 7. Energy position of the magnon peak (black circles
and squares) as results from the fit of the data and linear
extrapolation of the pressure evolution of the magnon soften-
ing (red line) until the collapse of the magnetic gap, which is
estimated to occur at a pressure of ∼ 58 GPa.
pling is expected to decrease with pressure, while the
interlayer exchange coupling should be less affected by
pressure and, if any, it is expected to increase. In light
of these expectations, we speculate that it is easier to
reconcile our experimental results with the linear spin-
wave theory approach [48], because the magnetic gap in
the quantum dimer model should scale with the inter-
layer exchange coupling to first order [49]. Our qualita-
tive discussion is consistent also with a recent refinement
of the crystal structure of Sr3Ir2O7, since the departure
from the pure tetragonal lattice is found to be very small
[67]. A comprehensive interpretation of the experimen-
tal results goes well beyond the scope of the present pa-
per, which is more to establish the general feasibility of
performing high-pressure RIXS experiments of magnetic
excitations and provide the scientific community with an
additional tool to study electronic and magnetic dynam-
ics in matter under extreme conditions.
VI. CONCLUSIONS AND OUTLOOK
To summarize, we described recent instrumental up-
grades carried out at beamline ID20 of the ESRF that al-
lowed us to perform RIXS measurements of magnetic ex-
citations at high pressure. In particular, we measured the
magnetic excitations of the bilayer perovskite Sr3Ir2O7
up to 12 GPa and observed a softening of the magnetic
mode with pressure at a rate of ≈ 1.5 meV/GPa. Extrap-
olation of this behavior at higher pressures shows that the
collapse of the magnetic gap might be concomitant with
the structural phase transition reported at 54 GPa [65],
suggesting a strong link between magnetic and lattice de-
grees of freedom. Most importantly, we demonstrated the
feasibility of RIXS experiments of low-energy excitations
at extreme conditions of temperature and pressure.
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